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Restriction Enzyme BsoBI–DNA Complex:
A Tunnel for Recognition of Degenerate DNA
Sequences and Potential Histidine Catalysis
enzymes alone and with DNA have been determined.
The reaction is considered to proceed through nucleo-
philic attack by an activated water, leading to inversion
at the phosphorous [1, 2].
Structural studies have revealed the surprising fact
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†New England Biolabs that, despite the absence of readily detectable sequence
similarity, all type II enzymes fold into one of two topolo-32 Tozer Road
Beverly, Massachusetts 01915 gies defined by the original examples, EcoRI [3] and
EcoRV [4]. Thus far, structures of six enzymes that leave
overhanging 59 ends, EcoRI [3], BamHI [5], Cfr10I [6],
MunI [7], BglII [8], and NgoMIV [9], all show structuralSummary
similarity to EcoRI. The EcoRI family shares a substruc-
ture of five b strands and two a helices, called the com-Background: Restriction endonucleases form a diverse
family of proteins with substantial variation in sequence, mon core motif (CCM) which form a b meander followed
by a single mononucleotide binding fold [5].structure, and interaction with recognition site DNA.
BsoBI is a thermophilic restriction endonuclease that Structures of enzyme–DNA complexes revealed a
conserved cluster of side chains surrounding the scissileexhibits both base-specific and degenerate recognition
within the sequence CPyCGPuG. phosphate in both families. The side chains come from
the loosely conserved DXn(E/D)ZK motif (where Z is a
hydrophobic residue). Metal ions introduced into theseResults: The structure of BsoBI complexed to cognate
DNA has been determined to 1.7 A˚ resolution, revealing complexes ligate conserved carboxylate oxygens and
phosphate oxygens of the DNA backbone. Enzymologyseveral unprecedented features. Each BsoBI monomer
is formed by inserting a helical domain into an expanded and structure suggest various roles for the metal ions
in the activation of water and in the stabilization of theEcoRI-type catalytic domain. DNA is completely encir-
cled by a BsoBI dimer. Recognition sequence DNA lies transition state [10–13] as part of proposed mechanisms
variously involving one [7, 8, 11, 14, 15], two [12, 15–18],within a 20 A˚ long tunnel of protein that excludes bulk
solvent. Interactions with the specific bases are made or three [13] metal ions per active site, depending on
the enzyme but also on the techniques employed andin both grooves through direct and water-mediated hy-
drogen bonding. Interaction with the degenerate posi- the investigator.
The diversity of restriction enzymes is so pervasivetion is mediated by a purine-specific hydrogen bond to
N7, ensuring specificity, and water-mediated H bonding that even isoschizomers, enzymes that recognize and
cleave the same DNA sequence, are often not detectablyto the purine N6/O6 and pyrimidine N4/O4, allowing de-
generacy. In addition to the conserved active site resi- homologous. One of the few known pairs of isoschizom-
ers with clear sequence similarity is BsoBI, from thedues of the DXn(E/D)ZK restriction enzyme motif, His253
is positioned to act as a general base. thermophilic, gram-positive Bacillus stearothermophi-
lus, and AvaI, from the mesophilic, gram-negative, ma-
rine cyanobacterium Anabaena variabilis [19]. Both en-Conclusions: A catalytic mechanism employing His253
and two metal ions is proposed. If confirmed, this would zymes recognize the sequence CPyCGPuG (Py 5 T,C;
Pu 5 A,G) and cleave between the first and secondbe the first example of histidine-mediated catalysis in
a restriction endonuclease. The structure also provides base, leaving 59 overhanging ends of four bases (Figure
1a). While 658C is the optimal temperature for cleavagetwo novel examples of the role of water in protein–DNA
interaction. Degenerate recognition may be mediated by by BsoBI, 378C is optimum for AvaI. BsoBI is a protein
of 323 amino acids and 36,700 Da, while AvaI is slightlyemploying water as a hydrogen bond donor or acceptor.
The structure of DNA in the tunnel may also be influ- smaller at 315 residues (35,700 Da). They share 55%
sequence identity.enced by the absence of bulk solvent.
The origins of protein stability and activity at high
temperatures have been the subject of several compara-Introduction
tive studies. While many mechanisms for achieving ther-
mostability have been postulated and tested, only anType II restriction endonucleases, which cleave DNA
within specific sequences and require only divalent increased number of salt bridges in thermophilic pro-
teins seems nearly universal. Thermostable proteins aremetal ions as cofactors, are notable examples of speci-
ficity in protein–DNA interaction and catalysis. Their often technically favorable objects for structural studies.
Despite the value in understanding protein–nucleic acidfunction has been probed extensively by enzymology
and mutagenesis, and the crystal structures of several interactions over a range of conditions and the technical
advantages of thermophilic proteins, no structures of
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Table 1. Structure Determination and Refinement Statistics
Native Iodo1a Bromo1b
Data collection statistics
Resolution limit (A˚) 1.7 1.7 1.9
Rmergec (%) 5.9 6.0 11.7
Completeness (%) 99.4 98.6 92.2
Phasing statistics
Risod (%) 13.5 18.3
Figure 1. BsoBI Recognition Site and Sequence of the Oligonucleo- Phasing Powere
tide DNA Duplex Used in the BsoBI–DNA Complex Isomorphouscentric 1.12 0.96
(a) Recognition site of BsoBI; Py 5 T or C and Pu 5 A or G. The Isomorphousacentric 1.53 1.40
site of cleavage is indicated with an arrow. Anomalous 0.35 N.A.f
(b) Oligonucleotide DNA duplex used in the BsoBI–DNA complex Figure of meritg
and the numbering scheme employed. Both Watson (W) and Crick Centric 0.59
(C) strands are shown. They are chemically identical but crystallo- Acentric 0.43
graphically distinct. The recognition site is in bold, with cleavage Overall 0.45
occurring at the arrows. Residues in italics are not fully ordered in After density mod. 0.81
the crystal structure. Refinement statistics
Resolution range (A˚) 8.0–1.7
No. refl (jFj . 2s) 75,657DNA complexes of sequence-specific proteins from
R factor hthermophiles are known, except for the atypical TATA
Working 19.0
box binding protein. Free 25.3
While structural studies of restriction enzymes re- Model statistics
vealed unexpected similarities in tertiary structure and Protein atoms 4,997
DNA atoms 490arrangement of catalytic residues, each structure from
Water molecules 474this family also demonstrated great variety in structures
Dioxane molecules 10outside the common core and diversity in mechanisms
Rmsdifor DNA recognition and hydrolysis. We undertook struc-
Bonds (A˚) 0.010
tural analysis of the BsoBI and AvaI enzymes as a first Angles (8) 1.6
step in a detailed, well-controlled comparison of meso-
a Derivative Iodo1 contains oligonucleotides of the sequence TAIAphilic and thermophilic proteins in their interaction with
CICGAGTAT, where I is IdU.DNA. We report here the structure of BsoBI complexed b Derivative Bromo1 contains oligonucleotides of the sequence TAB
to a cognate DNA sequence. This is the first structure of ACBCGAGBAT, where B is BrdU.
a thermophilic restriction enzyme and of a restriction en- c Rmerge 5 SjIobs 2 ,I.j/SIobs
zyme–DNA complex recognizing degenerate sequences. d Riso 5 SjFPH 2 FPj/SjFPj, where FP and FPH are the structure factor
amplitudes of the native and derivative.Analysis of the structural basis for thermostability and
e Isomorphous phasing power is defined as ,jDFHj./rms(e), whereactivity at elevated temperatures awaits comparison
,jDFHj. is the mean calculated amplitude for the heavy atom modelwith the structure of AvaI, currently in progress. Mean-
and rms(e) is the root mean square lack of closure error for thewhile, the current BsoBI structure further demonstrates isomorphous differences. Anomalous phasing power is defined as
the tremendous variety in this family, revealing unprece- ,jDFcalcj./rms(e), where ,jDFcalcj. is the mean calculated Bijvoet
dented structures for binding DNA and suggesting novel difference for the heavy atom model and rms(e) is the root mean
catalytic mechanisms. square lack of closure error for the anomalous differences.
f Anomalous scattering data for the Bromo1 derivative were not used
for phase determination.Results and Discussion
g Figure of merit is defined as m 5 eP(a)exp(ia)da/eP(a)da.
h Crystallographic residual is defined as R 5 SjFobs 2 Fcalcj/SjFobsj,Crystallization and Structure Determination where Fobs and Fcalc are the observed and calculated structure factor
BsoBI complexed to the DNA duplex in Figure 1b crystal- amplitudes. The summations for the free R factor are taken over a
lized readily and diffracted to 1.7 A˚ on a rotating anode random 5% of the reflection data that were omitted from the target
function for all stages of refinement.source. Halogenated oligonucleotides were used to de-
i Root mean square deviation from ideal stereochemistry. Stereo-termine the structure by multiple isomorphous replace-
chemical parameters are as described for protein [42] and DNA [43].ment (Table 1). The final model (Table 1) contains two
protein monomers (chains A and B), two strands of DNA
(chains W and C), 474 water molecules, and 10 dioxane
There are few significant differences between the twomolecules refined to an R factor of 19.0% (Rfree 5 25.3%).
monomers and the two DNA strands. Even in the ab-All nonglycine, nonproline residues are in either the
sence of noncrystallographic symmetry restraints, the“most favored” (94.8%) or “additional allowed” (5.2%)
root mean square deviation (rmsd) is 0.21 A˚ for Ca andregions of the Ramachandran plot [20]. There are disor-
0.77 A˚ for all atoms of the protein and 0.45 A˚ for P anddered regions at the N termini and between residues
0.90 A˚ for all atoms of the DNA.221 and 229 of both monomers. Two nucleotides at one
Interactions between protein and DNA are also sym-end of the DNA duplex, which we call the “2” end, are
metric, and there are no significant differences betweenwholly or partly disordered (italics in Figure 1b).
the two active sites. The symmetry of the BsoBI–DNA
complex is a notable contrast with several other restric-Overall Structure of the Complex
tion endonuclease–DNA structures containing a dimerThe complex consists of an enzyme dimer bound to a
DNA duplex (Figures 2a and 2b) in the asymmetric unit. in the asymmetric unit. It is possible that hidden differ-
Crystal Structure of BsoBI–DNA Complex
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Figure 2. Overall Structure of the BsoBI–DNA Complex
(a) The BsoBI–DNA complex viewed along the DNA helical axis. The protein monomers (chain A, yellow; chain B, blue) are shown encircling
the DNA strands (green). The scissile phosphates are marked with the large black sphere, and the noncrystallographic 2-fold is oriented
vertically.
(b) A stereo a carbon diagram detailing a view of the BsoBI–DNA complex rotated z908 about the vertical from (a) so that the DNA axis now
runs horizontally. Every tenth residue is marked by a small black sphere and many are numbered.
(c) Molecular surface of the BsoBI dimer, demonstrating the close opposition and complete enclosure of DNA in the tunnel. The orientation
is the same as (a). One scissile phosphate (black sphere) is visible.
(d) A stereo pair of the molecular surface in the same orientation as (b).
ences between the two active sites will be revealed in much more extensive than enclosure by BglII and occurs
complexes with metal ions. However, preliminary results without water to close the ring of protein.
indicate that BsoBI cleaves coordinately at both sites The close steric complementarity between the BsoBI
(unpublished data). tunnel and the recognition site DNA (Figure 3) is in strik-
ing contrast with the loosely fitting clamps formed by
DNA polymerase processivity factors [21]. The relation-A Tunnel for DNA Recognition and Cleavage
ship between DNA and protein in the BsoBI–DNA com-The most striking global feature of the complex is the
plex is more akin to the tighter ring formed around DNAcomplete encirclement of DNA by the protein to form a
by topoisomerase I [22]. However, the ring formed bytunnel z20 A˚ long (Figures 2c and 2d). Although there
topoisomerase I is shorter than the 20 A˚ length of theare many ordered waters within the tunnel, the bases
BsoBI tunnel.of the recognition sequence are shielded from contact
The tunnel is formed by insertion of an all-helical do-with bulk solvent. DNA and ordered water fill the tunnel
main into a restriction enzyme fold of the EcoRI family.so that there are no isolated cavities large enough to
From the N terminus to Thr20 and from Ala134 to the Chold disordered solvent. Overall, 6800 A˚2 of the accessi-
terminus, BsoBI forms a catalytic domain, an expandedble surface of DNA and protein are buried in forming
version of the fold seen in other EcoRI family endonucle-the complex.
ases. A domain composed entirely of a and 310 helicesRestriction endonuclease BglII also encircles its DNA
is inserted between residues 20 and 134 (Figures 2btarget [8]. Loops from the noncatalytic b barrel domain
and 3a). Shorter helices that are similar to a portion ofof each monomer connect through a water-mediated
the long helices C and H are found in Cfr10I, but thehydrogen bond network on the DNA face opposite the
catalytic domain. The enclosure of DNA by BsoBI is helical domain itself has no analogs in other endonucle-
Structure
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Figure 3. The BsoBI Monomer, Its Secondary Structure, and Overall Interaction with DNA
(a) Stereo view of the DNA duplex and one BsoBI monomer with the secondary structure elements indicated. The DNA helical axis is oriented
horizontally in an orientation similar to that of Figure 2b. Only the yellow monomer (chain A) of Figure 2 is shown. Some amino acid residues
are numbered for reference. The 59 end of each DNA strand and the minus and plus ends of the duplex are indicated.
(b) Molecular surface and electrostatic surface potential of the protein tunnel in the same orientation as (a). The electrostatic field of the BsoBI
protein dimer (excluding DNA and the proposed metal ions) was calculated in the program GRASP [41] using a salt concentration of 150 mM,
an internal dielectric constant of 2, and an external dielectric constant of 80. This field was projected onto the molecular surface of one
monomer and colored so that fully saturated red and blue corresponds to 210 kBT/q and 110 kBT/q, respectively.
ases of known structure. Sequence-specific recognition 3.3 A˚ deep, nearly 5 A˚ less than B-DNA. These distortions
create additional opportunities for interactions betweenis mediated by both domains as well as by the “side
protein residues and the atoms on both major and minorwalls” of the tunnel, while the EcoRI fold domain appears
groove edges of the bases (detailed below).to contain the catalytic machinery for cleavage. As in
While many of the sugar puckers are C29-endo, theother enzymes of this family, the DNA presents its major
sugars on either side of the scissile bond are predomi-groove toward the catalytic domain at the dyad axis,
nantly C39-endo. Accompanying the shift in pucker, theleaving the long helices and the helical domain to inter-
d and x torsion angles also assume A-DNA like values.act with the minor groove and uncleaved strand of each
These nucleotides do not adopt a completely A formhalf-site (Figure 3a).
conformation, however. The bases remain central, withThe electrostatic field calculated for the dimer without
X displacement from 20.2 to 0.4 A˚. A shift to C39-endoDNA is distinctly positive inside the tunnel (Figure 3b).
around the site of cleavage has been seen in restrictionThis field enhances binding to the phosphodiester back-
enzyme–DNA complexes with kinked duplexes [4], al-bone. The addition of the cofactor divalent cations will
though it is not generally seen in the less severely dis-make the field even more positive in the active complex.
torted duplexes of other restriction endonucleases. A
shift to C39-endo around the cleavage site has also been
DNA Structure observed in the very short patch repair endonuclease,
The ordered, central ten base pairs form a largely which bears an EcoRI-like fold [23], and in the I-PpoI
straight B-DNA duplex, although modified from canoni- homing endonuclease [24]. It is an interesting but per-
cal B form (Figure 3a). The base pairs are centered in haps coincidental correlation that these three enzymes
the helix with a mean X displacement of 0.2 A˚, and many all appear to employ a histidine to activate a water for
of the sugar puckers are C29-endo (Tables 2 and 3). hydrolysis.
However, other features distinguish the DNA from ca- Several of the sugar puckers are noncanonical, al-
nonical B form. The DNA is extended (mean rise 5 3.8 A˚) though the C19-exo puckers are close to C29-endo, and
and undertwisted (mean twist 5 32.08), although both both C29-exo and C49-exo are close to C39-endo. More
rise and twist show considerable variation. The ex- significantly deviant is the O49-endo pucker seen sym-
tended, undertwisted DNA creates a more accessible metrically on both strands two nucleotides 59 of the
duplex with a mean major groove width of 11.9 A˚ and recognition sequence [T(25W) and T(15C)]. Manual re-
minor groove width of 9.3 A˚, compared to 11.6 A˚ and building of the unusual riboses into either C29-endo or
6.0 A˚ for B-DNA. The grooves are very shallow. The C39-endo resulted in their conversion back into the non-
major groove has a mean depth of only 2.7 A˚, almost canonical form upon further refinement. Equivalent sug-
ars in both strands also show similar unusual puckers,6 A˚ less than B-DNA, while the minor groove is only
Crystal Structure of BsoBI–DNA Complex
137
Table 2. BsoBI DNA Helical Parameters
Parametersa
Base Pair-axis Intra-base Pair Inter-base Pair
Base pair Xdisp(A˚) Ydisp(A˚) Inclin(8) Buckle(8) Propel(8) Rise(A˚) Tilt(8) Roll(8) Twist(8)
26 A:T Partially disordered
25 T:A 20.8 0.5 243.9 210.8 7.8
3.0 24.0 23.5 23.8
24 A:T 20.3 1.0 230.0 15.2 5.2
4.4 28.1 2.1 41.0
23 C:G 0.0 0.9 223.3 2.2 230.9
4.2 20.4 17.6 29.0
22 T:A 20.2 0.5 216.1 212.9 221.3
4.0 10.6 15.4 32.1
21 C:G 0.7 0.5 210.1 216.4 28.3
2.9 22.5 212.1 31.1
11 G:C 0.8 0.8 211.0 18.4 28.9
3.9 213.7 14.9 31.5
12 A:T 20.1 0.8 217.2 11.5 226.4
4.2 20.9 19.3 30.9
13 G:C 0.4 0.6 222.2 21.9 230.1
4.2 5.6 22.5 40.8
14 T:A 0.8 0.4 221.8 218.7 20.5
3.2 4.1 16.8 27.6
15 A:T 1.0 0.3 217.8 2.8 3.2
3.3 7.0 6.7 24.3
16 T:A 1.4 0.2 210.4 17.9 25.2
Meanb 0.2 0.6 221.3 21.1 23.6 3.8 21.0 10.5 32.0
6S.D. 60.6 60.2 69.4 612.7 621.5 60.6 66.9 611.2 65.4
Canonical DNAc
B-DNA 0.0 0.0 1.5 0.0 213.3 3.4 0.0 0.0 36.0
A-DNA 25.3 0.0 20.7 0.0 27.5 2.6 0.0 0.0 32.7
a Parameters for the BsoBI DNA are calculated with respect to a globally-defined helical axis by the program CURVES [38]. Intra-base pair
and inter-base pair parameters for the bases surrounding the cleavage site are shown in bold.
b Mean values for base pair-axis and intra-base pair parameters are calculated over the central 10 base pairs. Mean values for the inter-base
pair parameters are calculated over the 9 base pair steps within the central 10 base pairs.
c Values for the canonical A form and B form are from fiber diffraction as calculated by CURVES as reported [44].
despite the absence of explicit, noncrystallographic His253 and that residue’s proposed roles in both recog-
nition and catalysis (see below).symmetry restraints.
The central CG base pairs are highly distorted. They
have a large buckle of 168–188 and a highly unusual,
The Helical Domainlarge, positive propeller twist of z288. Propeller twist,
The helical domain begins and ends with the very longwhich is typically negative, is thought to arise from the
a helices C and H that form the side walls of the tunnel.need to bury more hydrophobic surface of the bases,
Helix C is kinked outward in the middle, while aH isavoiding contact with aqueous solution. However, DNA
continuously curved inward toward the DNA and runsenclosed in a tunnel lacking bulk water may not be
along the minor groove. Between the long helices, asubject to the usual energetic considerations. If every
series of shorter helices form a compact globular do-nearby water molecule is ordered by other interactions,
main (Figure 3a).there may be little penalty in having them immobilized
Residues of the helical domain make multiple DNAaround the hydrophobic surface of a base. The same
contacts from the side walls and roof of the tunnel (Fig-consideration may also reduce the energetic cost of
ures 3 and 4). While the major groove of the recognitionextending the rise between bases.
sequence is oriented toward the catalytic domain, all HCyt, of the central CG base pair, is partially stacked
against the aromatic ring of His253, perhaps further re- bonds to the minor groove of the recognition sequence
come from aH residues (Arg131 and Asn132) of the heli-ducing the need for hydrophobic burial through negative
propeller twist. The potentially favorable stacking inter- cal domain. In addition, the tip of the domain, containing
aF, reaches over the DNA backbone, allowing Lys81 toaction with a protonated histidine (see below) may also
be possible only with Cyt bearing the observed positive make major groove contacts to the uncleaved strand of
each half-site. Thus, more than half of the hydrogenpropeller twist. The distortion of the central base pairs
may then be an indirect readout recognition mechanism, bond contacts to the DNA bases are made by residues
of the helical domain. The helical domain also plays aserving to couple DNA recognition and catalysis through
Structure
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Table 3. BsoBI DNA Backbone Parameters
Backbone Torsion Anglesa Sugar Puckera
a (8) b (8) g (8) d (8) e (8) z (8) x (8)
Base P-O59 O59-C59 C59-C49 C49-C39 C39-O39 O39-P C19-N Phase Amplitude Class
Strand W (59 ! 39)
27 T Disordered
26 A N.A.b N.A.b 175.5 80.6 2167.1 41.9 256.1 24.0 38.5 C39-endo
25 T 2147.1 148.3 84.9 87.9 172.7 271.2 2128.3 76.6 37.9 O49-endo
24 A 259.2 176.1 48.2 139.5 264.8 146.8 2106.8 137.9 44.4 C19-exoc
23 C 57.2 2143.1 2171.1 82.6 2155.1 268.4 2163.7 –12.8 38.9 C39-endo
22 T 277.0 2174.1 54.2 84.9 2145.8 262.8 2154.5 20.2 36.3 C39-endo
21 C 264.0 2179.9 60.1 139.5 2147.4 2160.3 2115.7 154.5 34.3 C29-endo
11 G 249.4 145.1 53.9 151.5 289.4 2172.9 2107.3 162.0 38.0 C29-endo
12 A 2100.9 139.9 39.2 73.1 2168.6 276.1 2147.3 19.8 39.4 C39-endo
13 G 158.4 2151.7 170.2 98.4 2153.6 266.4 2171.2 359.5 30.3 C29-exod
14 T 261.6 176.1 54.5 95.4 2173.5 274.2 2155.1 37.3 34.7 C49-exod
15 A 257.7 2177.7 56.3 138.6 2151.0 2115.6 2116.6 164.3 32.9 C29-endo
16 T 259.0 155.8 50.9 131.3 N.A.b N.A.b 2100.1 146.0 40.5 C29-endo
Strand C (59 ! 39)
17 T N.A.b N.A.b 59.54 145.71 295.1 144.6 259.0 160.3 39.6 C29-endo
16 A 276.4 133.0 56.2 139.6 178.0 298.1 295.5 163.3 32.0 C29-endo
15 T 243.8 167.8 43.0 96.3 2177.1 290.8 2120.7 92.8 43.0 O49-endo
14 A 241.8 163.3 39.0 134.1 260.5 142.2 2105.6 140.2 42.7 C19-exoc
13 C 60.4 2150.8 2173.9 86.6 2155.0 268.3 2161.9 12.7 37.6 C39-endo
12 T 271.4 2172.6 50.3 84.7 2145.8 265.4 2150.5 18.6 35.8 C39-endo
11 C 259.5 179.1 58.1 140.2 2149.4 2156.6 2116.7 156.2 32.5 C29-endo
21 G 249.8 147.3 53.2 149.5 287.7 2174.7 2108.3 160.1 37.2 C29-endo
22 A 2100.9 142.4 37.6 76.4 2173.2 277.5 2145.9 20.6 38.2 C39-endo
23 G 153.2 2149.9 173.2 97.4 2152.6 266.5 2175.9 3.0 31.1 C39-endo
24 T 266.6 178.4 53.2 90.7 2171.4 281.1 2151.2 33.6 33.8 C39-endo
25 A 244.4 2179.8 44.34 139.2 N.A.b N.A.b 2114.1 157.8 31.9 C29-endo
26 T Disordered
Meane 233.3 14.2 41.4 109.3 2123.6 271.6 2135.9 97.0 36.5
6 S.D. 77.3 162.2 80.4 27.2 78.3 83.4 23.4 86.8 3.9
Canonical DNAf
B-DNA 240.7 135.6 37.4 139.5 2133.2 2156.9 2101.9 154.8 39.7 C29-endo
A-DNA 274.8 2179.1 58.9 78.2 2155.0 267.1 2158.9 18.3 41.6 C39-endo
a Torsion angles and sugar puckers are calculated by the program CURVES [38]. Backbone parameters for the nucleotides surrounding the
cleavage site are shown in bold.
b These parameters can not be calculated due to unmodeled, disordered regions located on either the 59 or 39 side.
c This pucker phase angle is close to C29-endo.
d This pucker phase angle is close to C39-endo.
e Mean values for DNA backbone parameters are calculated over the central 10 bases of each strand.
f Values for the canonical A form and B form are from fiber diffraction as calculated by CURVES [44].
predominant role in H bonds and nonpolar contacts to the CCM in BsoBI. Helix K of BsoBI is the first crossing
helix of the CCM, topologically equivalent to the innerthe backbone of the uncleaved strand.
recognition helix (a4) of EcoRI. Helix K contains several
recognition and proposed catalytic residues in additionThe Catalytic Domain
to those just mentioned. Helix L is the second crossingThe topology of the catalytic domain is similar to that
helix of the CCM, equivalent to the outer recognitionof other EcoRI family members but enlarged by the addi-
helix (a5) of EcoRI. Owing to the greater twist betweention of strands 1, 2, and 3 to the b sheet (Figure 3a). The
monomers in BsoBI (see below), helix L makes only armsd after alignment of BsoBI and BamHI monomers is
single water-mediated H bond to the DNA backbone,2.0 A˚ for 78 aligned Ca atoms less than 3.8 A˚ apart after
and this bond is outside the recognition site.superposition, compared to 2.2 A˚ (41 Ca) for EcoRI and
BamHI. In both cases, the great majority of the super-
posed atoms lie within the CCM. BsoBI shares more Quaternary Structure
In general, dimerization in the EcoRI family is dominatedsuperposed structure with Cfr10I, yielding an rmsd of
2.0 A˚ (109 Ca). The additional aligned residues come by interactions between the helices of the CCM. The
helices of this motif often form a four-helix bundle withfrom aC, aH, b3, and aM of BsoBI, all outside the CCM.
The active site in BsoBI can be partially superimposed their counterparts in the other monomer. Several EcoRI
family members, EcoRI, BamHI, and MunI, also shareon those of the rest of the EcoRI family. The active site
residues of the DXn(E/D)ZK motif align with residues very similar dimerization interfaces [7]. In these en-
zymes, the two inner helices lie at an angle of about 608Asp212, Glu240, and Lys242 of strands b5 and b6 of
Crystal Structure of BsoBI–DNA Complex
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across the interface. While Cfr10I is a D2 tetramer in able to rapid diffusion, as recently seen for BamHI [25].
Electrostatic complementarity to the DNA is distributedsolution, the helices in the equivalent interface of Cfr10I
are more parallel (46.48) and may be partially responsible across both domains (Figure 3b) and may be the basis
for the open complex.for the enlarged interaction surface of Cfr10I (see below).
In BsoBI, the inner helices (aK) are much less parallel
to each other, making an angle of 81.88. The increased
DNA Recognitiontwist disturbs the packing between domains, creating
While a detailed dissection of the specificity of BsoBIan interface that is much less extensive (see below). In
in binding DNA has not been conducted, the currentBsoBI, only aK contributes significantly to the interface
structure reveals multiple interactions that could form(Figure 2a and Figure 2b).
the basis for the specificity observed in DNA cleavage,The nature of the dimerization interface in restriction
either at the binding step or later in catalysis. Since theenzymes has a large effect on the spacing between the
extensive enclosure and underwinding of the DNA allowactive sites. While the twist between monomers has
interactions in both grooves completely around the he-increased in BsoBI, the distance between the scissile
lix, the pattern of protein–DNA interactions is complex.phosphates remains nonetheless similar to other EcoRI
As in other endonucleases of the EcoRI family, there isfamily enzymes at 18.3 A˚. The combination of increased
substantial “crossover” binding in BsoB; that is, resi-twist with constant distance has multiple consequences
dues from both monomers interact with each DNA half-for DNA recognition and catalysis.
site.
Sequence-specific DNA recognition in the EcoRI fam-
ily is dominated by the helices of the CCM and the loopsTopology of the Protein–DNA Complex, Conformational
Changes in DNA Binding and “arms” that precede them. These residues make
the primary base-specific interactions in the majorThe complete encirclement of the DNA in a long tunnel
is unprecedented and raises intriguing topological ques- groove. The inner helix and the residues preceding it
make specific contacts to the inner and middle basetions in binding DNA. A rigid BsoBI dimer could bind
linear DNA by threading onto the ends. This is impossible pairs of the recognition site in EcoRI, BamHI, and BglII.
The outer helix and the residues preceding it make spe-for covalently closed, circular DNA, which BsoBI is
known to cleave readily. Since the gap between subunits cific contacts to the middle and outer base pairs in the
same enzymes. In MunI, the stretch preceding the inneris too small to allow DNA to enter, there must be either
an association between two monomers to envelop the helix makes all the specific contacts.
The inner helices in BsoBI are significantly less paral-DNA or a large conformational change within a stable
dimer to allow DNA to enter the tunnel. lel, altering the DNA recognition logic. The N terminus
of the inner helix aK does not so much point toward theExperiments have failed to yield diffraction quality
crystals of BsoBI without DNA, and a consideration of major groove as lie within an expanded groove, so that
aK and the loop preceding it make contacts with allpossible mobility in a structure lacking DNA suggests
that such experiments may prove impossible. However, three base pairs of the recognition site (Figures 3a and
4). The N-terminal end of aK and the loop before it arethe current structure offers some insight into the poten-
tial modes of DNA binding. Approximately 4800 A˚2 of positioned laterally so that they interact with the outer
and middle base pairs through the main chain carbonylprotein accessible surface (62% nonpolar) is buried in
the dimer interface, suggesting a stable dimer even in of Ala248 and the side chain of Asp246. As aK ap-
proaches the dyad axis, it gives off Glu252 and His253,the absence of DNA. The two helical domains are closely
associated and partially wrapped around each other; which make H bonds to the inner base pair. With a less
parallel four-helix bundle in BsoBI, the outer helix aL3500 A˚2 (67% nonpolar) is buried between them, while
only 1000 A˚2 (48% nonpolar) is buried between the cata- and the loop before it are now far removed from the
dimer axis; the only contact they make with DNA are Hlytic domains. By comparison, BamHI buries 2000 A˚2
(62% nonpolar), while Cfr10I buries 2700 A˚2 (76% nonpo- bonds to the backbone outside the recognition se-
quence.lar) in the equivalent interface. The total dimer interface
of BsoBI is larger than other EcoRI family enzymes, but The highly accessible major and minor grooves allow
multiple direct interactions between the bases and pro-the interface between the catalytic domains of BsoBI is
significantly smaller and more polar than that seen in tein main and side chain groups. The most extreme
example of this occurs at the outer CG, especially inenzymes containing only a catalytic domain. The inter-
face between the catalytic domains of BsoBI is also the interactions with guanine. Interaction with the outer
CG occurs through four direct H bonds to the major andsignificantly weaker than the helical domain interface,
suggesting that the catalytic domains move apart to minor groove edges of the bases (Figure 4a). Especially
noteworthy, the side chain of Asn132 makes bidentateallow entry of DNA, while the helical domains stay fixed.
The function of this unprecedented arrangement of hydrogen bonds to N2 and N3 of Gua in the minor
groove. The bidentate H bonding from Asn132 is a rareDNA and protein is unknown, although it may be, in part,
a mechanism for more rapid targeting of restriction sites example of sequence-specific interaction in the minor
groove; only Gua is capable of forming two H bondsthrough facilitated diffusion. While the close opposition
of protein to DNA and the numerous hydrogen bonds with Asn. Direct hydrogen bonding to both the major
and minor groove edges of the same base, althoughseen in this specific complex would not favor rapid diffu-
sion along DNA, the enzyme may form a different, more also seen in BsoBI with Cyt of the inner CG base pair,
is also generally rare. Reversal of the outer CG baseopen complex with nonspecific DNA: one more favor-
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Figure 4. BsoBI–DNA Interactions Exhibiting
Base-Specific and Degenerate Recognition
Hydrogen bonds (,3.2 A˚) are shown as
dashed lines. Only interactions with the “mi-
nus” half-site are shown; interactions with the
other half-site are symmetric.
(a) Interactions with the outer CG base pair.
(b) Interactions with the inner CG base pair.
(c) Interactions with the middle PyPu base
pair as seen in the crystal structure, which
contains TA at that position. (d) Proposed
model for interactions with the other PyPu
base pair, CG.
pair to GC is presumably prevented by the major groove enzyme specificity to be easily converted into another.
For this reason, restriction enzymes may have evolvedinteraction and perhaps also by the detailed H bonding
geometry in the minor groove. to not resemble each other too closely [8]. This is a very
intriguing hypothesis, although it does not explain howAt the inner CG, direct interactions occur in the major
groove, while direct and water-mediated interactions cells are protected from endonuclease mutations that
reduce specificity (rather than change the recognitionoccur in the minor groove (Figure 4b). In the major
groove, His253 Ne2 donates an H bond to Gua N7, and sequence), as in the reduction of specificity from six
bases to four. In BsoBI, the use of invariant (backbone)Glu252 accepts an H bond from N4 of Cyt. In the minor
groove, Arg131 Nh2 makes a water-mediated bond to parts of the structure and the application of each inter-
acting residue in multiple roles are simple mechanismsN2 of Gua, while Arg131 Ne of the other monomer makes
a long (3.2 A˚), direct hydrogen bond to O2 of Cyt. If that would prevent reduction in specificity. Of the three
residues that make H bonds to the outer base pair,sequence discrimination for this base pair occurs at the
level of binding, the hydrogen bond from His253 would Ala248 interacts through the invariant backbone car-
bonyl, while Lys81 is also involved in interacting withspecify a purine for this half of the base pair, while the
water-mediated hydrogen bond to N2 would select for the purine N7 of the middle base pair, and Asn132 may
play a role in closing the catalytic domain around theGua over Ade. Specificity would be further enhanced
by the interaction with Glu252, which would select the substrate. Substitution of these residues would either
have no effect on the interaction (Ala248) or would beexocyclic amine of Cyt over Thy O4.
Interaction with the degenerate PyPu base pair, TA in accompanied by other defects that prevent catalysis.
Thus, a reduction in specificity to PyCGPu is prevented.the present complex, occurs exclusively in the major
groove and predominantly with the purine (Figure 4c). Similarly, for the middle base pair, Lys81 is also involved
in outer base pair recognition, while substitution ofAsp246 makes a hydrogen bond through water to Ade
N6, while Lys81 donates an H bond to Ade N7. We Asp246 may weaken but would not change the selection
for purine provided by Lys81. In fact, substitution ofpropose that the degenerate recognition of both purines
would occur with these same elements. The Lys81 bond Asp246 to any other residue prevents cleavage (unpub-
lished data). Finally, for the inner base pair, His253 alsoto N7 would be purine-specific, while either Ade N6
or Gua O6 would be recognized through a change in plays a critical role in catalysis as the putative general
base, while we propose that Glu252 is a ligand to aorientation of the water molecule so that it either accepts
a hydrogen bond from N6 (as seen in the crystal, Figure required metal ion. The two Arg131s, one from each
monomer, may also assist in the putative closing of the4c) or donates one to O6 (as could occur when recogniz-
ing CG, Figure 4d). The use of water as H bond donor catalytic domain around the substrate.
Our hypothesis that a potentially fatal reduction inor acceptor would thus neatly allow the recognition of
either purine. Although connected to the protein only specificity is prevented by employing recognition resi-
dues for interaction with more than one base or forthrough a water network, a second water molecule
would interact with N4/O4 of either pyrimidine. an additional functional role is thus supported by the
structure of BsoBI. Mutations in these residues wouldIt could be extremely dangerous for one restriction
Crystal Structure of BsoBI–DNA Complex
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Figure 5. Active Site Structure and Proposed Catalytic Mechanism of BsoBI.
(a) Stereo diagram of protein residues, solvent molecules, and DNA backbone near the scissile bond (shown in yellow). The putative hydrolytic
water molecule (Wat53) is shown in orange. Hydrogen bonds (, 3.2 A˚) in the current complex are shown as dashed lines. The proposed sites
for required divalent metal-ion cofactors are indicated by “A” and “B.” Site A is currently occupied by water molecule Wat67.
(b) A possible model of the transition state. Metal cofactors have been added in their proposed positions. All the protein residues shown have
been identified by random [28] and/or site-directed mutagenesis (unpublished data) as being required for catalysis. The size of the residue
and the label indicate the depth of the atoms, with smaller residues further from the viewer. As in (a), the nucleophilic water is in orange.
Metal-ligand contacts and hydrogen bonds are indicated by black dashed lines. The red dashed lines indicate P–O bonds being formed or
broken. The blue dashed lines indicate bonds made and broken by proton transfer from the nucleophilic water to the His253 base. The proton
transfer has been drawn as a direct abstraction by His253, occurring in a concerted fashion with the hydrolysis, but it could also occur through
a chain of hydrogen bonds or in a distinct catalytic step.
not lead to a reduction of specificity, but rather most mutation of Glu204 has a substantial effect. This pattern
appears to be repeated in residues Glu70, Asp140,often they would lead to a total loss of enzyme activity.
A brief examination of the recognition elements in other Lys187, and Glu201 of NgoMIV [9].
The remarkable arrangement of catalytic residuesrestriction enzymes of known structure reveals that
many of them behave in the same way. This theory may seen in EcoRI family enzymes is only partly conserved
in BsoBI (Figure 5a). The catalytic residues arise frombe of some general importance in understanding the
evolution and recognition properties of restriction en- one edge of the b meander formed by strands b1, b2,
and b3 in EcoRI. Two of the equivalent strands in BsoBI,zymes.
b5 and b6, contain Asp212, Glu240, and Lys242 in equiv-
alent positions with proposed catalytic roles. These resi-Active Site Structure and Catalysis
dues form the DXn(E/D)ZK motif for BsoBI. There is noResidues from both monomers participate in the forma-
residue in BsoBI functionally equivalent to the fourthtion of each active site (Figure 5a). In other EcoRI family
catalytic residue, Asp59, in b1 for EcoRI. The structurallyendonucleases, the active site is made of residues en-
equivalent residue in BsoBI is Asn201 in b4, which istirely from one subunit, while the opposite subunit
well removed from the active site (Figure 3a), a conse-makes the majority of specific contacts in each half-
quence of the increased twist of the dimerization in-site. Since a section of aK is close to the dyad axis
terface.(Figure 3a), one active site can include aK residue His253
However, there are additional putative catalytic resi-from one monomer and Asp251 and Glu252 from aK of
dues in BsoBI. The most striking is His253, poisedthe second monomer, in addition to other residues of
to act as a general base and abstract a proton fromthe first monomer.
the nucleophilic water, but also Glu252 and perhapsTypically, the enzymes of the EcoRI family share a
Asp251, which may form a metal binding site (Figurecluster of four catalytic residues arranged around the
5a). All of them arise from aK, which enters the majorscissile phosphate, three of which are represented in
groove more deeply than in the other enzymes (Fig-the DXn(E/D)ZK motif. Residues Asp59, Asp91, Glu111,
ure 3a).and Lys113 of EcoRI can be aligned with Glu77, Asp94,
The BsoBI active site contains a proposed nucleo-Glu111, and Glu113 of BamHI [5, 26], and Asn69, Asp84,
philic water (Wat53, orange in Figure 5a-b) located 3.7 A˚Glu93, and Gln95 of BglII [8]. This arrangement is par-
from the scissile phosphorous and making an angletially conserved in residues Asp83, Glu98, and Lys100
of 1548 with the P-O39 bond (yellow in Figure 5a). Depro-of MunI [7]. In Cfr10I, the structurally equivalent cluster
tonation of this water by His253 could occur either di-of important catalytic residues includes Glu71, Asp134,
rectly (as shown in Figure 5b) or through a chain ofand Lys190 [6, 27]. While the sequence motif suggests
hydrogen bonds including Wat63, Wat75, and Oe2 ofthat Ser188 of Cfr10I is also a catalytic residue, the
Glu252. His253 is also seen making a strong hydrogencarboxylate of Glu204 is located in a position similar to
bond to Gua N7 of the inner GC of the opposite half-that of the E/D residue of the other enzymes. Further-
more, mutation of Ser188 has only a small effect, while site and stacking with the Cyt of the inner GC of the
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same half-site. While His253 plays several roles in the enzyme metal geometries [18]. A perpendicular metal
ion geometry in BsoBI would alter the relative roles ofstructure, we have found one substitution, His253 to Gln,
which has ,0.1% of wild-type activity while retaining the two ions.
The proposed nucleophilic water is H bonded to thenormal DNA binding. Substitutions to Tyr, Ala, Phe, and
Asn also show ,0.1% activity but reduced DNA binding pro-RP oxygen of the phosphate that is 39 to the scissile
phosphate, as seen in several other restriction enzymes.([28] and unpublished data).
General base catalysis in restriction enzymes is prob- However, in the presence of a much better base in the
form of His253, it seems unlikely that the phosphate-lematic. Proposals for catalysis often employ groups
with seemingly inappropriate pKa values, for example, mediated general base catalysis proposed for other en-
zymes [10] plays a significant role. In many proposedGlu113 of BamHI [12], Lys92 of EcoRV [17], or the adja-
cent 39 phosphate in a substrate-assisted mechanism endonuclease mechanisms, the nucleophilic water is
bound by a metal ion in the transition state. Although[10]. It is doubtful whether some of these groups act as
bases to abstract a proton from a water nucleophile. the distance from Wat53 to either the A or B site is too
long for ligation, conformational changes may occur andPerhaps they stabilize a hydroxide ion, formed by disso-
ciation in situ or by abstraction of a proton by another the nucleophilic water may (or may not) be bound to a
metal in a productive complex. The stronger basicity ofbase, or perhaps they capture and position a rare hy-
droxide ion from solution instead. All enzymes may not His253 may compensate for the higher pKa of a free
water (z15.7) relative to a Mg21-bound one (z11.4).require optimal base catalysis to attain the desired rate
of hydrolysis, especially if they stabilize the transition The basicity of His253 may be enhanced by the ob-
served interactions with substrate. We propose the pKastate and/or leaving group adequately. In contrast,
His253 would provide an excellent base for BsoBI in the of His253 would be elevated by the strong H bond (2.9 A˚
with excellent geometry) between His253 Ne2 and Guavicinity of the proposed nucleophile.
Metal ions are still required for DNA cleavage by N7 of the inner GC of the opposite half-site. The basicity
of the histidine may also be enhanced by stacking be-BsoBI. The metal binding sites for DNA hydrolytic en-
zymes are typically formed by side chains from two tween a charged imidazole ring and the cytosine base
of the inner GC of the same half-site. Favorable stackingdifferent carboxylate residues of the protein and often
a nonbridging oxygen of the scissile phosphate. One interactions are made readily by charged, but not un-
charged, imidazole rings [30]. Thus, despite the seemingsite that seems a strong possibility for a metal binding
site in BsoBI is currently occupied by Wat67 (“A” in absence of the kind of substrate assistance generally
proposed for restriction enzymes [10], BsoBI may ex-Figure 5a). A metal located here would presumably have
one carboxylate oxygen from Glu252 as a ligand and a hibit alternate mechanisms for substrate assistance. In
general, substrate assistance is an efficient means ofsecond ligand from the pro-RP oxygen of the scissile
phosphate. This is less extensive ligation than typically coupling recognition and catalysis, as only the correct
substrate groups in the correct orientations will enhanceseen in restriction enzymes. The only other likely poten-
tial ligand is Asp251. However, the side chain of Asp251 catalysis.
In the serine proteases, a catalytic system is formedis oriented away from the proposed metal site in the
current structure. that employs aspartate to raise the pKa of histidine and
an activated serine as the nucleophile. In BsoBI, thereThe DXn(E/D)ZK motif residues, Asp212 (the invariant
D) and Glu240 (the E/D), are also located in close proxim- are no suitably placed carboxylic acids with which to set
up such a triad. Rather, BsoBI may employ substrate-ity to the scissile phosphate, and mutagenesis suggests
a critical catalytic role for them. The substitution of assisted mechanisms to enhance the basicity of His253
(Figure 5b). Gua N7 could be seen as a substrate-depen-Asp212 to Asn still binds DNA but has less than 0.1%
of wild-type cleavage activity [28], while recent site- dent analog of the aspartate, the electron-rich element
of a triad, while the nucleophilic water takes the placedirected mutagenesis of Glu240 to Gln or Ala makes
stable but inactive enzymes (unpublished data). The of serine.
ability of E240N and E240A to bind DNA is being tested.
To explain the mutagenesis results, we propose that
Biological Implicationsthese residues are the ligands to a second metal site
(“B” in Figure 5a). A third ligand could be provided by
Restriction endonucleases achieve highly specific hy-the other nonbridging oxygen, pro-SP, of the scissile
drolysis of DNA. Enzymes of this family have been thephosphate.
subject of several structural studies, but fundamentalA general two-metal-ion mechanism for phosphoryl
issues in recognition and catalysis remain unresolved.group transfer has been proposed by analogy from the
Many of these enzymes exhibit degenerate recognition39-59 exonuclease of DNA polymerase I [29]. In this
of multiple bases at a given position in the sequence,mechanism, one metal activates the attacking water,
but mechanisms for degenerate recognition are un-while the other stabilizes the 39-oxyanion leaving group.
known. The relative roles of protein structure, DNA se-Both metals are proposed to stabilize the pentacoordi-
quence, and solvent properties in determining the struc-nate phosphorous transition state.
ture of bound DNA are also largely unknown. TheThe proposed metal binding sites in BsoBI would
activation of water to generate a nucleophile to cleaveplace the two metals approximately perpendicular to
DNA remains problematic. Previous crystal structuresthe scissile bond, rather than parallel to it as in the
have not permitted easy identification of appropriatelygeneral two metal mechanism and as seen for the
BamHI/BglI grouping in a recent analysis of restriction placed groups with pKas suitable for effective bases.
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ethylene glycol, and 5 mM DTT. Drops were formed by mixing 2.5The thermophilic restriction enzyme BsoBI com-
ml BsoBI–DNA complex solution with 2.5 ml distilled water, 2.5 mlplexed to cognate DNA demonstrates novel solutions to
reservoir solution, and 1.5 ml of 350 mM n-heptyl-b-D-glucoside andthese problems of DNA recognition and water activation.
equilibrating over the reservoir at 188C. The complex crystallized in
BsoBI exhibits degenerate recognition in the sequence 5 days in space group P212121 with unit cell dimensions 80.3 3
CPyCGPuG. From the crystal structure, we propose that 87.8 3 99.5 A˚.
Crystals were prepared for data collection by stabilizing themBsoBI recognizes the degenerate PyPu base pair
directly in 30% (v/v) dioxane with 20% (v/v) 1, 2-propanediol beforethrough a direct purine-specific H bond and water mole-
cryocooling in a stream of gaseous nitrogen at 1008 K. Oscillationcules that can donate/accept an H bond to/from O6/N6
images were collected with a RAXIS IV detector on a Rigaku RU-of purine and O4/N4 of pyrimidine. Degenerate recogni-
H2R generator and reduced and scaled using the HKL suite [31].
tion may thus be achieved generally through water mole-
cules, which have inherent bifunctionality in hydrogen Structure Determination and Refinement
bonding potential. The structure of the BsoBI–DNA complex was determined by multi-
ple isomorphous replacement with anomalous scattering (Table 1).The recognition sequence DNA is enclosed in an un-
Iodine positions for the Iodo1 derivative were identified by inspec-precedented 20 A˚ long protein tunnel. The BsoBI–DNA
tion of difference Patterson maps. Heavy atom sites in the Bromo1complex is a rare opportunity to visualize the structure
derivative were determined with isomorphous difference Fourier
of DNA with bulk solvent excluded. The enlarged rise maps, using phases derived from the Iodo1 derivative. All heavy
and unusual propeller twists observed in the DNA may atom sites were confirmed with cross-difference Fourier maps.
possibly reflect a weakening of hydrophobic interac- Heavy atom parameters were refined and phases calculated with
MLPHARE [32]. Phases were improved by histogram matching, sol-tions in the absence of free water.
vent flattening, and 2-fold symmetry averaging in the program DMFinally, His253 is poised to abstract a proton from a
[33]. Refinement was conducted with the program XPLOR [34], em-water molecule positioned for in-line attack on the scis-
ploying cycles of simulated annealing with slow cooling followed
sile phosphate. As demonstrated in many other en- by conjugate gradient minimization and manual rebuilding (Table
zymes, histidines make effective general bases but have 1). Noncrystallographic symmetry restraints were not employed.
not been observed previously in restriction endonucle- After the first two cycles, restrained individual B factors were refined.
Coordinates and structure factors have been deposited at the PDB,ases. The basicity of His253 may be further enhanced
entry 1DC1.by interactions with substrate DNA.
Structure AnalysisExperimental Procedures
Analysis of the stereochemical quality of the protein model and
assignment of secondary structure were conducted with PRO-BsoBI Expression and Purification
CHECK [20]. Superpositions of EcoRI family members were doneBsoBI endonuclease was produced from a dual plasmid expression
with the lsq_explicit and lsq_improve options of the program Osystem. One plasmid, containing the BsoBI methylase gene (pACYC-
[35] and the default settings. Solvent-accessible surface areas wereBsoBIM), has been described [28]. The second plasmid expresses
calculated with the program NACCESS [36] employing a 1.4 A˚ probe.BsoBI endonuclease under a T7 promoter in a derivative of pET21a.
All changes in accessible surface area include both partners. Hydro-Cells of E. coli strain ER2566 containing both plasmids were induced
gen bonding and nonpolar contacts between protein and DNA werein late log phase by the addition of IPTG to 0.3 mM followed by 3
investigated with NUCPLOT [37]. DNA helical parameters were de-hr at 378C.
termined by CURVES [38]. Figures were prepared with RIBBONSCells were lysed and the BsoBI purified by binding and elution
[39], MOLSCRIPT [40], and GRASP [41].with NaCl gradients from columns of Heparin HyperD M (BioSepra)
and Q-Sepharose HP (Pharmacia). The enzyme was further purified
Acknowledgmentsby collecting the filtrate from SP-Sepharose FF (Pharmacia) and
binding and elution with an inverse gradient of ammonium sulfate
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purification of DNA oligonucleotides.predominantly arising from an internal translational start site, were
removed by heat treatment at 658C for 10 min followed by centrifuga-
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Revised: December 4, 2000from Q Sepharose HP and Heparin HyperD M, employing NaCl gradi-
Accepted: December 5, 2000ents. The final BsoBI was dialyzed into 20 mM Tris-HCl (pH 7.6 at
48C), 300 mM NaCl, 0.1 mM EDTA, 1 mM DTT, and 0.02% sodium
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